Sequence plays a crucial role in dictating the properties and applications of both natural and artificial polymers. Therefore, chemists have made great efforts to control the sequence of monomers along a polymer chain in the past decades. This focus review outlines the recent advances in sequence-controlled polymers (SCPs), mainly based upon the author's research on constructing SCPs through maleimide chemistry, and discusses their potential applications.
Introduction
Over the last decade, the field of sequence-controlled polymers (SCPs) has become a focal area of research [1, 2] inspired by the full sequence-regulated macromolecules found in nature, such as DNA [3] and proteins [4] . First, it is important to distinguish between the concepts of "sequencecontrolled" and "sequence-defined" [5] . A sequencecontrolled polymer is a macromolecule with some degree of monomer sequence control and is not a uniform polymer but exhibits different chain lengths and compositions. In contrast, a sequence-defined polymer (SDP) offers a unique, monodisperse macromolecule and a precisely defined sequence of monomers, that is, each monomer has a defined position in the polymer chain. Obviously, SDPs can be considered as a subclass of SCPs. Generally, the synthetic approaches for SCPs can be divided into three main categories: step growth, chain growth, and multistep growth.
Step growth is an overall easy approach but leads to poor control of the chain length, molecular weight (MW) distribution (polydispersity index (PDI)~2) and, in particular, monomer sequence regulation. The step-growth approach will not be discussed in this focus review. Chain-growth polymerization is an option for producing more uniform SCPs (1.01 < PDI < 2) and relies on living/controlled polymerizations, for example, radical, anionic/cationic, or ringopening mechanisms. This approach takes advantage of a one-pot reaction, which conveniently generates polymer chains with an ordered or blocky sequence. However, the monomer units along the polymer chain are regularly arranged in a statistical manner. In contrast, multistep growth methods, such as solid/liquid-support iterative growth, iterative exponential growth, single-unit monomer insertions, and template approaches, enable monomers or building blocks to be placed at precise positions along a discrete polymer chain, producing SDPs (PDI~1).
In general, efficient coupling reactions for obtaining SCPs with high precision during the polymerization process, as well as an appropriate sequence-regulation strategy, are severely lacking. Maleimide (MI) chemistry has gained a great deal of attention in both the polymer and biological sciences because it can be applied to many macromolecule systems, such as thermostability materials [6] , self-healing systems [7] , click reactions [8] , and antibody-drug conjugates [9] . The α,β-unsaturated imide structure enables MI to be extremely versatile. First, the two carbonyl groups provide control of hydrogen bonding interactions, which can be used to change the polymerization behavior. Moreover, the MI unit is also reactive toward electron-rich dienes through the Diels-Alder/retro Diels-Alder reaction, which enables the protection/deprotection of MI by furan to be the foundation of our latent monomer strategy toward SCPs through chain growth polymerization. Finally, the highly electron-deficient double bond in the MI unit can participate in Michael addition with various nucleophiles, such as thiol-MI, without any additional metal-catalysts or thermal or photochemical initiation, which is the basis of our approach toward the synthesis of SDPs through multistep growth. Overall, the facile reaction of an electron-deficient MI unit toward both thiols and electron-rich dienes makes it an attractive and reactive pathway to obtain SCPs and SDPs ( Fig. 1 ), which will be discussed in the following sections.
Hydrogen bonding-regulated MI monomers for SCPs
The driving force of supramolecular polymers can mainly be divided into multiple hydrogen bonding, host-guest interactions, metal coordination bonding, and stacking effects. Among them, hydrogen bonding is the force between a permanent dipole that occurs between a hydrogen atom and another atom. Highly polar solvents interact with monomers through hydrogen bonding and have been frequently used to facilitate polymerization and regulate the monomer sequence in controlled radical polymerization (CRP). Okamoto et al. reported that the solvent effects resulting from the hydrogen bonding interaction between fluoroalcohols and monomers, which could be ascribed to steric and monomer activating effects, could influence the polymerization rate as well as monomer reactivity ratios [10] . In particular, the strong electron-inducing effect of fluoroalcohol can significantly reduce the electron cloud density of the double bond in MI, which can change the monomer polymerization behavior. Kamigaito et al. demonstrated that the sequence of monomers along the polymer chain could be regulated through the hydrogen bonding interaction between fluoroalcohols and MIs [11] [12] [13] . A fluorinated cumyl alcohol [PhC(CF 3 ) 2 OH] was used as a solvent in copolymerization for different functionalized limonene and MI derivatives. An alternating sequence was produced, which was caused by the hydrogen bonding interaction regardless of the feeding ratio of the comonomer.
Recently, our group observed that the simultaneously formed hydrogen bonding interactions between fluoroalcohol and two comonomers gave rise to significant sequence regulations. 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was used as a solvent for the living radical polymerization of N-propylmaleimide (PMI) and vinyl acetate (VAc) [14] . The alternating copolymerization manner of PMI and VAc was induced by strong hydrogen-bond interactions between HFIP and the comonomers. The produced alternating sequence structure, i.e., -V-M-V-M-, was validated by matrix-assisted laser desorption-ionization time of flight (MALDI-TOF) mass spectrometry ( Fig. 2a ). In contrast, copolymerization using 1,4-dioxane as the solvent produced periodic -V-M-M-V-M-Msequence structures (Fig. 2b) . These results were also consistent with the computer simulation shown in Fig. 2c, d . The densities of the electron clouds on the PMI or VAc atoms were changed slightly owing to the hydrogen bonding interaction. This revealed that the hydrogen bonding interaction of HFIP and VAc/PMI changed the E gap of VAc/PMI; thus, the copolymerization was improved to provide more sequence-regulated copolymers. Overall, the hydrogen bonding between HFIP and MI plays an effective role in the sequence regulation of copolymers and adjusts the unique performance of the copolymers. Different sequences might display different advantages, thus broadening the potential applications in industry. 
SCPs through furan-protected maleimides (FMIs) as latent monomers
The development of controlled/living chain-growth polymerization has resulted in tremendous advancements for controlling the specific structures of polymers. Controlled/ living polymerization, for example, anionic [15, 16] , cationic [17] , radical [18, 19] , ring-opening [20] , and ringopening metathesis [21, 22] , mainly involves an active center for the living growth of monomer units. Among these methods, CRPs are widely used for sequence regulation to ensure the controllable synthesis of a sequence structure and the uniformity of sequence chains, which has expanded the diversity of monomers and enhanced the tolerance of the reactions. In fact, a high reactivity of species during CRP can lead to a low selectivity to different units in chain growth. Therefore, a suitable strategy is adopted during the copolymerization of different monomers to avoid the tendency of random sequences. MI is a useful monomer that polymerizes with a proper comonomer with an alternating tendency [23] . In 2007, Lutz et al. elegantly proposed a smart and robust strategy for preparing SCPs using a styrene/N-substituted MI monomer pair [24, 25] . By carefully adding discrete amounts of MI units at predetermined times during CRP, the site-specific installment of MI units into the polymer chain was successfully realized. More than 20 MIs containing various functional groups were shown to be suitable for perfect positional control [26] . Furan-protected maleimides (FMIs) have received much attention for their highly efficient dynamic Diels-Alder (DA)/retro Diels-Alder (rDA) reaction. MI protected by furan can be readily deprotected to release a "naked" MI functional group by the rDA reaction at either 100°C or a higher temperature under catalyst-free conditions in quantitative yield. A new concept of a latent monomer was proposed by our group based on FMIs. In the course of the CRP of a main monomer (styrene or methacrylate) with a latent monomer (FMIs), maleimides can be released through rDA at 100°C or above, which rapidly undergo crosspolymerization, resulting in MI insertion into the polymer chain. Nevertheless, the rDA reaction does not readily take place at a low temperature, so only the main monomer can participate in polymerization. Therefore, through programmable fluctuation of the temperature to control the deprotection of FMIs, the position of the MI units can be finely tuned during one-shot CRP, and thus, the sequence can be controlled.
Programmable fluctuation of temperature has been used to create SCPs through the atom transfer radical polymerization (ATRP) of styrene with furan-protected N-propylmaleimide (FPMI) ( Fig. 3a ) [27] . Taking a temperature sequence of 40°C/110°C/40°C/110°C as an example, the deprotection of FPMI was inhibited at 40°C; thus, a homo-PS segment was produced at the 1st or 3rd slot. In contrast, the rDA reaction of FPMI was activated at 110°C; that is, PMI units were released and inserted into the polymer chain at a fast rate, which afforded a PMI-containing hetero-PS chain segment in the 2nd or 4th slot. The conversion of each monomer was calculated from the proton nuclear magnetic resonance ( 1 H NMR) spectrum of an aliquot taken out at a determined time to obtain kinetic plots and the monomer content in the normalized chain length, which revealed the Sequence control with CRP based on the latent monomer strategy. Adapted with permission from refs. [27] [28] [29] [30] deprotection and insertion of PMI at specific segments ( Fig. 4a, b ). The bead model was used to simulate the chain sequence distribution, and a tetra-block polymer bead chain model with two random copolymer segments was demonstrated. Good livingness of the process with changes in reaction temperature was established by size exclusion column (SEC) traces, which exhibited a narrow distribution of MWs (Fig. 4c ).
To verify the versatility of this approach, diverse sequences were prepared with a latent monomer through a typical reversible addition-fragmentation chain transfer (RAFT) technique for living polymerization. Copolymerization of methyl methacrylate (MMA) and maleimides tends to produce simultaneous gradient copolymers because of the different intrinsic reactivity ratios between MMA (>1) and maleimides (<1). The copolymerization of MMA with FPMI demonstrated a two-stage profile for both MMA and gradually deprotected PMI monomers at 110°C. Owing to the different rates between the rDA reaction and copolymerization of PMI, free PMI continuously accumulated, finally resulting in a significant increase in PMI incorporation into the growing chains; thus, the polymer chain presented a hierarchical gradient sequence. A programmable temperature variation strategy can also be used to regulate the gradient sequence of the MMA/PMI copolymer chain. RAFT polymerization of MMA with FPMI at 40°C produced a homo-PMMA block owing to the absence of PMI units at such a low temperature, while the deprotection of FPMI was triggered at 100°C, and the immediately released fresh PMI monomers were slowly incorporated into the living propagation chain during the 2nd slot. A gradient MMA/PMI copolymer segment was created, which led to a di-block gradient copolymer. By changing the type of RAFT reagent, the feed ratio of MMA/ FPMI or the type of monomer (such as benzyl methacrylate), the resulting successful regulation of a symmetrical gradient, tri-block gradient and other advanced gradient sequences demonstrated the versatility of this methodology (Fig. 3b ) [28] .
According to the latent monomer strategy mentioned above, it was rational to suppose that MI containing a specific functional group could be conveniently inserted at a [27] predetermined position of the copolymer chain by deprotecting the furan group as a latent monomer. To prove this hypothesis, functional FMIs with a pendent "clickable" protected alkyne group or a hydrophilic methoxypolyethylene glycol (mPEG) group were designed and prepared. Sequence regulation for copolymerization between St and a latent functional monomer was carried out as a multiblock sequence through a programmable temperature change (Fig. 3c) [29] . The successful insertion of a clickable monomer was clearly shown in the kinetic plots, which provided a clickable response platform to access various functional sequences. In addition, post-modification of a sequence-controlled polymer is feasible and efficient on account of the active imide group in MI [30] . A grafting strategy was used for post-modification of sequencecontrolled St/MI copolymers (Fig. 3d) . The high efficiency of the Mitsunobu condensation of N-unsubstituted furan-protected MI with an azobenzene group or hydrophilic mPEG chain was verified by 1 H NMR, Fourier transform infrared spectroscopy (FT-IR) and SEC, which indicated the successful combination of the latent-monomer and grafting strategies. The results above show the great advantage of the novel concept of a "latent monomer" for preparing tailorable SCPs with FMIs through nonintrusive one-shot CRP. Polymerizable MIs were released by virtue of the efficient thermodynamic rDA reaction between MIs and furan. Programmable changes in the CRP temperature created unprecedented and predictable sequence-controlled polymer chains. Functional SCPs were also successfully fabricated using modified maleimides or by combination with the grafting strategy, which has promoted an in-depth exploration of structure-property relationships and provided a designable platform for the practical application of exquisitely SCPs.
SDPs based on the thiol-MI Michael reaction

Sequence-defined linear polymers based on succinimide thioether linkages
As mentioned in the previous section, SCPs possess monomer units that are regularly arranged in a statistical sense; namely, the SCPs are still polydisperse. It is well established that the property and function of polymers strongly rely on several factors, such as the distribution of MW, topology and the sequence of the monomer [31] . For example, nylon and polypeptides are both linked by amide bonds, but the latter, which consists of monomers (that is, amino acids) arranged in specific sequences, enable the chains to fold into precise nanoarchitectures. However, research based on the propertystructure relationships is always ambiguous or performed at the statistical level because polymers are generally polydisperse with different chain lengths, varying MW dispersity and uncontrolled monomer sequences. Therefore, it is important to construct monodisperse, SDPs to obtain more comprehensive and accurate insight. Driven by this challenge, polymer chemists have made numerous efforts to synthesize SDPs involving diverse approaches, such as iterative growth through the use of solid/liquid phase supports [32, 33] , template approaches [34] , iterative exponential growth (IEG) strategies [35, 36] , multicomponent reactions [37] , and automated chromatography separation [38] . Moreover, many coupling reactions have been applied, such as coppercatalyzed azide-alkyne cycloaddition (CuAAc) [35, 36, 39] , Suzuki [40] and Sonogashira [41] coupling reactions, esterification [42] , amidation [43] and etherification [44] . However, most of these are metal-catalyzed, which causes metal accumulation and contamination. These methods might result in certain inaccurate measurements in the investigation of structure-property relationships and further limit the potential for future applications.
In 2017, our group demonstrated a strategy that combined thiol-MI Michael coupling and orthogonal chain-end deprotection. This strategy proved to be a versatile approach for the precise synthesis of a number of discrete oligomers, which included linear, dendritic, and cyclic oligomers [45] . Specifically, a precursor monomer (US-G1) was designed and synthesized with furan-protected MI and acetylprotected thiol, as shown in Fig. 5a (left) . Subsequently, a reaction cycle consisting of the orthogonal deprotection of two ends (that is, setting the MI group free by heating to 110°C or above through the retro Diels-Alder reaction and releasing the thiol group by hydrolysis), followed by thiol-MI Michael coupling, was repeated to obtain a series of discrete oligomers on the gram to multigram scale up to 27.4 kDa (128 mer, 7.9 g), as shown in Fig. 5a (right) . The glass transition temperatures (T g ) of all the uniform linear oligomers were measured, and the results demonstrated that the correlation between MW and T g perfectly matched the Flory-Fox equation. Moreover, the analogue obtained from step-growth polymerization through the same chemistry exhibited a broader and lower T g when compared with discrete oligomers with similar MW.
In addition, a sequence-defined oligomer was further constructed by assembling a precursor monomer (US-G1) with two functional monomers incorporating a naphthyl (FS-PI-3) and alkene (FS-PII-8) group, respectively (Fig. 5b) . Owing to the relatively low bond dissociation energy (simulated: 57.16 kcal/mol), the S-C bond in the succinimide thioether unit tends to break during tandem MS/MS, which leads to decipherable fragmentation patterns (Fig. 5c ). As a result, the sequence of the polymer could be easily determined according to the fragmentations of the US-G1 unit (MW = 213 Da), FS-PI-3 unit (MW = 343 Da), and FS-PII-8 unit (MW = 304 Da). Therefore, it is reasonable to anticipate that this kind of SDP based on a MI unit can be applied to data storage and anti-counterfeiting technologies. Overall, a combined strategy using the orthogonal deprotection of furan and acetyl groups along with thiol-MI Michael coupling was developed to efficiently synthesize discrete oligomers.
Sequence-defined dendrimers based on succinimide thio/ dithioether linkages (digital dendrimers)
Data storage at the molecular level has presented one of the biggest challenges in both science and technology in the 21st century. Chemists have shown that digital information can be stored at the molecular level, such as in DNA [3] strands and so-called digital polymers [33, [46] [47] [48] , in terms of their precisely arranged monomer sequence and sequencing technology. However, these methods all focus on linear SDPs, and storing information in a nonlinear topology remains an interesting but unexploited research topic.
Recently, the concept of a digital dendrimer, aimed at higher data storage capacity and novel relevant functions based on MI motifs, was proposed by our group [49] ; the digital dendrimer was inspired by a binary tree [50] (a data structure in computer science) and dendrimer topology in polymer science [51] . To precisely build the digital dendrimers, two binary submonomer units containing a hexyl (1-bit) and a butyl (0-bit) group were designed according to the MI chemistry mentioned in the above subsection. Then, a library of binary coded branched monomers was fabricated. Ultimately, by divergently installing different monomers from the focal to the periphery, an array of digital dendrimers was built based on the powerful chemistry of the orthogonal deprotection of the thiol and MI, as well as the thiol-MI Michael addition (Fig. 6a) . Adapted with permission from ref. [45] Furthermore, a novel combination of tandem MS/MS sequencing, encryption, and translation was established toward the fabrication of a digital dendrimer, which afforded an unambiguous data matrix barcode for a certain dendrimer, as shown in Fig. 6b . With the barcodes, the storage capacity of the digital dendrimer can be legitimately calculated (Fig. 6c) , and the value is much higher than that of its linear analogue assembled with an equal number of monomer units. Interestingly, this data matrix barcode can be read by a portable device, such as a smartphone, for item identification, tracking, and anti-counterfeiting applications (Fig. 6d ). Overall, this work established a new horizon for digital polymers, which will encourage development in this area and opens new avenues for potential applications of precision polymers.
Monodisperse maleimide-derived fluorescent probes
Based on photo-induced electron transfer (PET) theory, the MI group, which contains an electron-deficient double bond, is widely used as a quencher in fluorescence-based techniques. Fluorophores linked to MI groups show excellent luminescence properties, for example, "turn-on" and "turn-off" expression, low fluorescent background, fast response, and good visualization [52] [53] [54] [55] . However, monitoring of the polymerization process has always been a major focus in both academic and industrial fields owing to its potential to precisely control and optimize polymerization. Fluorescence-based techniques are considered as a promising approach, owing to their characteristics of high sensitivity, fast response and noninvasiveness. Most fluorescent probes are limited to detecting monomer conversion, the reactivity ratio of comonomers and the onset of gelation. Therefore, developing a versatile approach to monitor the polymerization process in situ is highly desirable, particularly regarding the MW of the resultant polymer.
Recently, a facile and robust method to monitor chain growth and topology formation using monodisperse MIderived fluorescent probes was established by our group [56] . A monomer bearing a fluorene moiety (chromophore) Summary of the storage capacities of the digital dendrimers. (d) Coded specific information in the data matrix barcode can be extracted with a smartphone. Adapted with permission from ref. [49] and a MI group (quencher) was designed to demonstrate the concept based on the PET mechanism. With the transformation from an MI group to a succinimide thio/dithioether structure, the fluorene-generated fluorescence emission could be turned "on" and "off", as shown in Fig. 7a . Thereafter, a library of monodisperse polymers with varying numbers of repeating units was precisely synthesized through the IEG strategy. By using the Perrin model, a linear calibration curve of the accurate MW and fluorescence emission intensity of each discrete oligomer could be obtained (Fig. 7b ). With this calibration curve, the instant MW during polymer propagation could be readily calculated based on the fluorescence intensity. The reliability of this fluorogenic probe technique was verified by using this technique to monitor step-growth polymerization (Fig. 7c ). During the process, clear and high-contrast visible fluorescence was observed by the naked eye with a gradually increasing emission intensity, and the calculated MWs based on the fluorescence intensities agreed well with the MWs measured by SEC or NMR. Furthermore, the formation of cyclic and cyclic-brush topologies was examined to prove the versatility of the proposed method ( Fig. 7c, d) .
Notably, this was the first time that the cyclization process could be monitored in a real time, which could directly guide further improvements in cyclization efficiency. Overall, based on precision synthesized fluorophoreincorporated monodisperse oligomers, a fluorescent probe technique was established for more straightforward and convenient study of polymer chain propagation and topology formation. Furthermore, it is reasonable to anticipate that this strategy can be extended to other fields, such as sequence identification, polymer-polymer coupling and the construction of complex topologies.
Summary and outlook
The area of SCPs is one of the most exiting directions in polymer science and is filled with significant challenges and equally significant potential. In this focus review, we summarized the development of MI-based sequence-controlled and SDPs, which will contribute to the research field of SCPs by providing additional structure diversity to fundamentally study sequence-structure-function relationships in polymer science. In addition, the field of SCPs is shifting from asking "Can we make sequence-defined synthetic polymers" to "What are the emergent properties and applications as a consequence of the sequence". Fig. 7 a Tandem model reactions with the maleimide motif for fluorescence "turn-on" and "turn-off". b IEG of fluorene-incorporated monodisperse polymers and the relationship between fluorescence intensity and MW of Mal-oligomers. Fluorescence intensity monitored during thiol-maleimide Michael step-growth polymerization (c), cyclization (d) and grafting to a cyclic polymer (e), with a comparison of the calibrated SEC values for as-prepared monodisperse polymer analogues. Adapted with permission from ref. [56] such as information storage, anti-counterfeit tags, and fluorescent probes, but a wide range of applications is still anticipated in the future.
